Mutations in the human Crumbs homologue-1 (CRB1) gene cause retinal diseases including Leber's congenital amaurosis (LCA) and retinitis pigmentosa type 12. The CRB1 transmembrane protein localizes at a subapical region (SAR) above intercellular adherens junctions between photoreceptor and Mü ller glia (MG) cells. We demonstrate that the Crb12/2 phenotype, as shown in Crb12/2 mice, is accelerated and intensified in primary retina cultures. Immuno-electron microscopy showed strong Crb1 immunoreactivity at the SAR in MG cells but barely in photoreceptor cells, whereas Crb2, Crb3, Patj, Pals1 and Mupp1 were present in both cell types. Human CRB1, introduced in MG cells in Crb12/2 primary retinas, was targeted to the SAR. RNA interference-induced silencing of the Crb1-interacting-protein Pals1 (protein associated with Lin7; Mpp5) in MG cells resulted in loss of Crb1, Crb2, Mupp1 and Veli3 protein localization and partial loss of Crb3. We conclude that Pals1 is required for correct localization of Crb family members and its interactors at the SAR of polarized MG cells.
INTRODUCTION
Polarity of neuronal cells and the formation of junctions between cells that build up the complex network of the retina are essential for retina integrity (1) . Cellular junctions contribute to the stability and communication between retinal cells (2) . At the outer limiting membrane (OLM), photoreceptor cells (PRCs) are connected to Müller glia (MG) cells via adherens junctions (AJs). Tight junctions (TJs) are not present at the OLM. Immediately above the AJs, a protein complex is located at the so-called subapical region (SAR) (3) . At the SAR, Crumbs family members (Crb1, Crb2 and Crb3) are found in complex with Pals1 (proteins associated with Lin seven 1), also known as Mpp5 (4 -6) . In this complex, Pals1 functions as an adaptor protein. Its PSD-95/Dlg/ZO-1 (PDZ) domain can bind to the cytoplasmic ERLI motif of Crb1 and Crb3, and its L27 domain can bind to the L27 domain of Patj (Pals1 associated TJ protein) and Mupp1 (multiple PDZ domain protein 1; Mpdz) (5 -8) . The Crb/Pals1/Patj complex is connected to the Par6/Par3/aPKC complex, containing Par6 and Par3 (partition defective proteins) and aPKC (atypical protein kinase C). The Par3/Par6/ aPKC complex is involved in the regulation and maintenance of cellular polarity and AJs in several cell types (9 -11) and can bind directly to Crb3 (12) . Furthermore, aPKCl is required in differentiating photoreceptors for proper lamination of the mouse retina (13) , and the zebrafish Par3 ortholog (Pard3) is required for separation of the eye fields and retinal lamination (14) .
In Drosophila, mutations in each member of the CrumbsStardust -DPATJ complex (homologues of Crb1/Crb2/Crb3, Pals1 and Patj, respectively), resulted in epithelial polarity or retinal morphogenesis defects (15 -19) . The Crb -Pals1 -Patj complex position at the SAR in mice is in part comparable to its position at the stalk membrane just apical to the AJs in the Drosophila compound eye. Mutations in both Stardust and Crumbs gave rise to the same rough eye phenotype, which includes shortened stalk membranes and distorted rhabdomeres. Mutations in DPATJ demonstrated DPATJ to be necessary for the stability of the Crb complex and crucial for stalk membrane development and rhabdomere maintenance during late pupal stages (20, 21) . This proves the Crumbs-Stardust -DPATJ complex to be indispensable for Drosophila eye integrity (15,22 -24) .
In humans, mutations in the CRB1 gene lead to a variety of retinal degenerative diseases such as Leber's congenital amaurosis (LCA), retinitis pigmentosa type 12 (RP), retinitis pigmentosa with coats-like exudative vasculopathy and pigmented paravenous chorioretinal atrophy (25 -28) . These human retinal degenerative diseases can be mimicked in part by the Crb1 rd8 and Crb12/2 mouse models (3, 29) . Loss of photoreceptors and structural integrity of the OLM is observed in both mutant models and appears in a focal manner adjacent to apparently normal regions. The retinal disorganization is due to the loss of maintenance of adhesion between photoreceptors and MG cells (3, 29) . This phenotype can be visualized as irregular white spots on fundus pictures and is most striking in older animals.
In mammalian epithelial cells, loss of PALS1 or replacing its PDZ domain caused disturbed TJ formation and polarity defects (30, 31) . This suggests an important role for the adaptor protein PALS1 in protein complex formation in cellular junctions. In addition, mutations of the zebrafish gene nagie oko (nok, homologue of PALS1) showed nok to be essential in cellular patterning of the retina, suggesting PALS1 to be indispensable for zebrafish eye integrity (32, 33) .
Cell polarity or retinal defects caused by loss of CRB1 or PALS1 are shown in different organisms or cell systems. In this study, we investigated the significance of the CrbPals1-Patj complex in the mammalian retina. We performed gain-and loss-of-function studies involving Crb1 and Pals1 in wild-type (WT) and Crb12/2 primary retina cultures using an in vitro electroporation method. We found, by using immuno-electron microscopy (EM), that at the SAR Crb1 was mainly detectable in MG cells but barely in PRCs, whereas Crb2, Crb3, Patj, Pals1 and Mupp1 were present in both cell types. RNA interference (RNAi)-induced silencing of Pals1 in MG cells resulted in a loss of Crb1, Crb2, Mupp1 and Veli3 (mLin7C, Mals-3) at the SAR, and partial loss of Crb3, but not of Patj, Par3, Mpp4, b-catenin or Ncadherin. Our results demonstrate that the scaffold protein Pals1 is required for correct localization of Crb family members and its interactors at the SAR of polarized MG cells.
RESULTS

Development of
Crb12/2 retina in vitro: acceleration of the Crb12/2 phenotype In previous studies, we generated and characterized Crb12/2 knockout mice (3). In retinas from 3 to 6 months old Crb12/2 mice, double PRC layers or half-rosettes manifested and these morphological changes together with expanded retinal degeneration augmented with age and light exposure (3) . Retinal disorganization manifested in less than 20% of a specific region of the retina, the inferior temporal quadrant.
In addition to these in vivo studies, here we used an in vitro primary retinal organ culture method (34, 35) to investigate the development and structural integrity of Crb12/2 retinas. Retinas of 1.5 days old mice were isolated and maintained in culture up to 28 days in vitro (DIV). Although the organ-cultured retina is thinner than the retina of an agematched in vivo control eye (Fig. 1N versus O) (35) , the retinal explants of WT retinas isolated without RPE developed normally with all retinal layers formed but with underdeveloped photoreceptor outer segments. The layers remained normal up to at least 4 weeks of culturing (Fig. 1 N) (data not shown). During the first 6 days in organ culture, retinas from Crb12/2 mice cannot be distinguished from WT retinas. Interestingly, after 6 DIV, morphological alterations showed up in the Crb12/2 retina appearing as white spots (Fig. 1C -F , defined by the black line). Those white spots extend to 30 up to 80% of the retina at 14 DIV and represent retinal folds and photoreceptor half-rosettes in the outer nuclear layer (ONL) (Fig. 1J -M) . In WT retinas, some white spots appeared as well, but were usually confined to the edges of the organ culture, covered less than 10% of the retina area and is normal for WT retina cultures as shown previously (35) . Thus, the Crb12/2 morphogenetic phenotype, as seen in Crb12/2 mice at 3 -6 months of age, is significantly accelerated in primary retina cultures and emerges after 6 DIV.
Interruptions at the OLM and disturbances of MG cells in Crb12/2 retina explants
In the retina, the Crb1 protein localizes at the SAR of the OLM, just above the intercellular AJs between photoreceptor and MG cells (3) . We examined WT retinal explants of 27 DIV for their localization of proteins in and around the OLM (Fig. 2 ) (data not shown). Members of the Crumbs family (Crb1, Crb2, Crb3), as well as the multiple PDZ domain proteins Mupp1 and Patj, the MAGUK proteins Mpp4 and Pals1, the polarity proteins Par3 and aPKC, and proteins connected to the AJs, e.g. ZO-1, b-catenin, d-catenin, p120 catenin and N-cadherin, are all detectable at the OLM. Also proteins expressed in MG cells (glutamate synthetase), microvilli of the MG cells (CD44) and proteins of the inner segments (F-actin, moesin) are properly localized and the underdeveloped photoreceptor outer segments do express rhodopsin. Cone photoreceptor outer segments could also be detected by peanut agglutinin suggesting normal numbers of cones (data not shown). From these results, we conclude that the OLM and inner segments of cultured WT retinas are properly developed.
Immunohistochemical detection of the above-mentioned proteins on Crb12/2 retina explants of 27 DIV revealed (i) a disturbed ONL with retinal folds, half-rosettes and (ii) interruptions of the OLM, not within, but adjacent to the halfrosettes. Interestingly, OLM proteins (of the SAR and AJ), inner and outer segment markers, and MG cell markers are properly localized within the half-rosettes but not in the adjacent regions (Fig. 3A and D, moesin and Mupp1, respectively) (data not shown). The regular pattern of MG cells as seen in WT retinas is grossly disrupted in Crb12/2 retinas, particularly in areas of clusters of displaced photoreceptors adjacent Figure 1 . Disturbed development of Crb12/2 retina in vitro. Pictures of mouse retinal explants of Crb12/2 (A-H) and WT retinas (I) grown in organ culture were taken with an inverted microscope at different DIV. Note the appearance of morphological alterations (defined by the black line and closed circles), appearing as white spots in the Crb12/2 retina (arrowhead). Those white spots develop after 6 DIV and cover 30-80% of the retina at 14 DIV (n ¼ 14) and later on, and represent retinal folds and half-rosettes in the ONL. The retina is cultured with its photoreceptors facing the membrane as the undermost layer, whereas the GCL is the uppermost layer. The asterisk represents the position of the optic nerve, black line and closed circles define morphological alterations in the Crb12/2 retina and the black arrows represent the scissor cuts that allow the retina to flatten. Although RPE sheets are detached during the isolation process, a few RPE cells always remain, seen as black dots (I). Scale bar in (I): 100 mm. (A-F) were taken with the same magnification as in (I). Scale bar in (G and H): 250 mm. Light microscopic pictures of paraffin sections stained with haematoxylin from Crb12/2 (J-M) and WT (N) retinal explants were taken after various DIV as well as pictures of retinas from WT (O) and Crb12/2 mouse (P) at 14 days postnatal (P14) for comparison. The thickness of the retinal layers depends on the distance to the optic nerve, being thickest closest to the optic nerve. (J) During paraffin embedding, the retina folded double over: the arrows represent the layers from GCL to IS. (N) Representative picture of WT retina from 13 to 27 DIV. The stratification of the tissue is well preserved, including the delicate structure of the inner segments. (P) Note the wavy OLM and PRC nuclei above the OLM in the Crb12/2 P14 retina, but no (half-)rosette formation. RPE, retinal pigment epithelium; OPL, outer plexiform layer. (J -P) were taken with the same magnification as in (N). Scale bar: 100 mm.
to half-rosettes (Fig. 3B) . Damage to the retina is detected in MG cells at an early stage by increased expression and/or changed subcellular localization of the intermediate filament protein glial fibrillary acidic protein (GFAP) (36) . In Crb12/2 retina explants, like in Crb12/2 mutant mice (3), GFAP immunoreactivity is increased in areas where the OLM is interrupted (Fig. 3B -D ) compared with WT retina explants (Fig. 3E ). In addition, the microvilli of the MG cells are disturbed in these areas as detected by CD44 staining, but not within half-rosettes themselves (Fig. 3C ). Taken together, the Crb12/2 phenotype, which is characterized by OLM interruptions, disturbances of MG cells and formation of retinal folds and half-rosettes, is significantly accelerated and intensified in primary retina cultures.
At the SAR, Crb1 locates primarily in MG
Pre-embedding electron microscopic immunohistochemistry (37) on WT eyes of 3-month-old mice revealed strong Crb1 immunoreactivity at the SAR in microvilli of polarized MG cells, but barely detectable signals in PRCs ( Fig. 4B -D) . Crb1 immunoreactivity was absent in Crb12/2 retinas (Fig. 4A ). Pals1 immunoreactivity was detectable at the SAR in both MG and PRCs in WT as well as in Crb12/2 eyes (Fig. 5) , which is consistent with immunofluorescent staining of Pals1 on Crb12/2 eyes (3) and Crb12/2 primary retinas (discussed earlier). Post-embedding electron microscopic immunohistochemistry (38) on adult WT eyes revealed immunoreactivity of Crb2 ( To reconstitute Crb1 in primary Crb1-deficient retinas, we used an in vitro electroporation technique (39) . CMV-promotor-driven human CRB1 (hCRB1) was electroporated in 1.5-day-old Crb12/2 mouse retina and analysed at 17 DIV. The electroporation efficiency was relatively low, but sparsely, clusters of on average five spots of hCRB1 were detected at the SAR just above the b-catenin staining, which is a marker for AJs (Fig. 8A ). Double labelling with anti-Crb1 and anti-glutamate synthetase (an MG cell marker) revealed that hCRB1 immunoreactivity was detected at the SAR in individually transfected MG cells (Fig. 8B) , showing that CMV-driven CRB1 is expressed and CRB1 properly localized in MG cells.
Downregulation of Pals1 in MG cells results in reduction of Crb family members and its interactors from the SAR
Silencing of Pals1 in MDCKII cells leads to TJ and polarity defects (30, 31) and mutations in the Pals1 homologue in zebrafish (nagie oko; nok) cause defects in the retinal patterning mechanism (32) . To investigate the consequences of Pals1 silencing in the mouse retina, we used short hairpin RNAs (shRNAs) (40) and an in vitro electroporation technique (39) . Initially, five pSUPER-based shPals1 constructs were generated; one shRNA construct, corresponding to nucleotides 1970 -1988 of the GUK domain of mouse Pals1 (3-shPals1), revealed specific and efficient silencing of a GFP-tagged Pals1 oligo (Supplementary Material, Fig. S3A ).
The pSUPER-based 3-shPals1 construct was subcloned into an AAV2-vector containing a CMV-GFP expression marker (CMV-GFP -shPals1). Retinas of P1.5-old mice were electroporated in vitro with the CMV-GFP -shPals1 construct or control CMV-GFP vector and analysed at 17 DIV. Approximately 20-40% of the surface area of the retina contained visible GFP patches. For both constructs, GFP is detected in MG cells and sporadically in PRCs (Fig. 9A) . Immunostaining with anti-Pals1 and anti-GFP showed that Pals1 immunoreactivity was silenced in green cells containing the CMV-GFPshPals1 vector ( Fig. 9B and C) .
As a control, we used a similar approach for Mpp4, which is expressed in PRCs, but not in MG cells (41) . Four pSUPER-based shMpp4 constructs were created, and one construct Interruptions of the OLM and disturbances of MG cells in Crb12/2 retina explants. Fluorescent microscopic (A and B) and confocal images (C-E) of WT and Crb12/2 retinas of 27 DIV. (A) Crb1 localizes at the SAR and moesin at the inner segments. Note that in half-rosettes (arrow), proper localization of OLM proteins demonstrates an intact OLM. In contrast, their staining pattern is disturbed in affected areas, adjacent to the half-rosettes. Nuclei are stained with Hoechst (blue). (B) In WT retinas, glutamate synthetase immunoreactivity is restricted to MG cells. In Crb12/2 retinas, the regular array of MG cells is grossly disrupted in areas of clusters of displaced photoreceptors adjacent to half-rosettes (arrow) and exactly at that location where GFAP immunoreactivity at the level of the OLM is increased. (C) CD44 is a marker for the microvilli of the MG cells which is increased in disturbed areas in Crb12/2 retinas where the OLM is interrupted but not in WT retinas (E). In contrast, CD44 staining is properly localized within the half-rosettes (arrow). (D and E) In WT retina, Mupp1 localizes at the SAR. As a marker for an intact OLM (arrowhead in Crb12/2 retina), Mupp1 localizes properly at the SAR within but not adjacent to halfrosettes (arrow). Normal GFAP staining in WT retina, but increased GFAP immunoreactivity in Crb12/2 retina adjacent to half-rosettes. Scale bar in (A and B): 100 mm. Scale bar in (C-E): 10 mm.
anti-Mpp4 and anti-GFP did not reveal downregulation of Mpp4 at the SAR (Fig. 9D) , which is expected, because Mpp4 is not expressed in MG cells. These results demonstrate that Pals1, but not Mpp4, is expressed in the MG cells and that endogenous Pals1 can specifically be silenced.
Next, we examined the effect of Pals1 suppression on the expression and/or localization of OLM proteins. Double labelling showed that silencing of Pals1 expression in MG cells resulted in loss of localization of Crb1 and Crb2 proteins and partial loss of Crb3 (Fig. 10A -C) . Reduced levels of Mupp1 and Veli3 immunofluorescence were also observed ( Fig. 10E and F) . The expression of Patj, Mpp4, Par3 (SAR proteins), b-catenin, N-cadherin, ZO-1 (AJ proteins) and glutamate synthetase (MG cell marker) were unchanged by Pals1 suppression (Fig. 10D) (data not shown) . Taken together, we demonstrate that all Crumbs family members (Crb1, Crb2 and partially Crb3), Mupp1, Pals1 and Veli3 are expressed in MG cells and that the expression and/or localization of Crb1, Crb2, Crb3, Mupp1 and Veli3 at the SAR are dependent on Pals1 expression.
DISCUSSION
In this study, we show that loss of function of members of the Crb complex in mammalian retina can bring new insights into the organization of this complex, which has important implications for understanding the role of CRB1 mutations in human retinal diseases. We demonstrate that Pals1 expression in MG cells is required for correct localization of Crb1, Crb2, Crb3, Mupp1 and Veli3, because RNAi-induced silencing of Pals1 in MG cells from WT primary retinas resulted in loss of Crb1, Crb2, Mupp1 and Veli3 protein localization and a partial loss of localization of Crb3 at the SAR. Immuno-EM revealed that at the SAR Crb1 was mainly localized in microvilli of MG cells, whereas Crb2, Crb3, Patj, Pals1 and Mupp1 were present in both MG and PRCs. Electroporation of CMV-driven human CRB1 in MG cells in Crb12/2 mouse retinas demonstrated that hCRB1 was properly targeted to the SAR.
In this paper, we show with immuno-EM that Crb1 immunoreactivity is strong at the SAR in MG cells, but barely detectable in PRCs. In Drosophila, Crumbs is localized at the stalk membrane of PRCs, a structure that corresponds with the SAR in mice. Initially, Pellikka et al. (23) showed in mice that Crb1 protein localizes at the OLM in cone and rod photoreceptor inner segments and MG cells. Expression of Crb1 in both cell types was supported by the mRNA in situ hybridization pattern of Crb1 as shown by den Hollander et al. (42) , in which the photoreceptor layer and some cells at the inner nuclear layer (INL) expressed Crb1 mRNA. Nuclei of MG cells reside at the INL. For that moment, those results led to the conclusion that in the retina Crb1 is expressed by photoreceptor and MG cells. Immuno-EM experiments revealed now that Crb1 is barely detectable in PRCs. We cannot exclude that the Crb1 mRNA as detected in photoreceptors with an mRNA probe corresponding to the extracellular domain might correspond to splice variants lacking the intracellular domain (29) or the secreted extracellular form of Crb1 (43) . As yet, we are not able to detect those Crb1 variants with our antibodies that are directed against the intracellular protein domain only. Immuno-EM experiments of other Crb complex proteins demonstrated that Crb2, Crb3, Patj, Pals1 and Mupp1 localize at the SAR in MG as well as in PRCs. However, Pals1-Crb1, Pals1 -Crb2, Pals1-Mupp1 and Pals1-Veli3 complexes might be relatively more present in MG cells than in PRCs, whereas the partial loss of Crb3, after RNAi-induced Pals1 silencing, suggests remaining Crb3 in complexes in PRCs. This study elucidates in part the distribution of expression of Crb complex proteins in MG and PRCs.
PRCs need MG cells for structural and metabolic support and for the establishment and maintenance of apical -basal polarization and cell adhesion. The MG network plays a critical role in neural cell death during retinal degeneration. In light-degenerated retinas, MG cells can invade the photoreceptor layer from the inner part of the retina and increase the production of growth factors to prevent PRC death (44, 45) . Loss of Crb1 function in MG cells, as caused by mutations, might disturb maintenance of MG-PRC adhesion and retina integrity. In Crb12/2 primary retina cultures, we observed loss of structural integrity of the OLM, leading to displacement of photoreceptors and the formation of retinal folds and half-rosettes. Particularly in areas adjacent to halfrosettes, the OLM is interrupted and the regular pattern of MG cells is grossly disrupted accompanied by increased GFAP and CD44 expression in the MG cells. Disruption or retraction of the apical Müller microvilli visualized by CD44 has also been described as phenotype of the Crb rd8 mouse, together with increased electron density of the MG cell cytoplasma (29) . From the Crb1 phenotypes as described by the Crb rd8 (29) and Crb12/2 mice (3), together with our present results on primary Crb12/2 retina cultures, we conclude that lack of Crb1 in MG cells results in loss of adhesion between MG cells and photoreceptors followed by structural alterations of both photoreceptors and MG cells. Changes in length of photoreceptor inner and outer segments as detected in Crb rd8 mice (29), but not in Crb12/2 mice, are therefore indirect effects. In the retinas of Crb12/2 mice, OLM proteins including Crb2 and Crb3 as well as AJ markers were localized as in WT retinas. Delocalization of these proteins is observed in foci of the retina from 3-month-old Crb12/2 mice where MG and PRCs lost their structure (3). In Crb12/2 retina explants, OLM and AJ markers, including Crb2 and Crb3, are localized at the OLM in half-rosettes, but delocalized adjacent to half-rosettes, which indicates that a considerable part of the retina explant exhibits loss of OLM structure while the OLM is intact within the half-rosette. Remarkably, the retinal disorganization phenotype is accelerated and intensified under in vitro conditions, suggesting that at least one additional, and as yet unknown factor, contributes to the Crb12/2 phenotype. This factor might be a protective factor lacking in cultured retinas. Re-introduction of Crb1 into the MG network could be a possible therapeutic target for inhibition of retinal degeneration. In this study, we were able to properly target human CRB1 to the SAR in MG cells of Crb12/2 retinas. As yet, the efficiency of DNA transfer by electroporation of primary retinas is not as optimal to restore the Crb12/2 phenotype. (41), is not reduced at the OLM. The AK4 antibody directed against Mpp4 shows some background staining in the retina as detected in Mpp42/2 mice (47). OPL, outer plexiform layer; IPL, inner plexiform layer. Scale bar: 10 mm.
Our results place the knowledge of Crb1 and its interactions with other proteins in another perspective. First, in vitro experiments showed that Mpp4 can exist in a complex with Crb1 via intervention of Pals1 (41) . Although in the retina, Mpp4, Pals1 and Crb1 colocalize at the SAR, it is not very likely that they exist in one complex in vivo, because Mpp4 is expressed exclusively in PRCs and Crb1 mainly in MG cells. In addition, we and Stohr et al. (46) were not able to show an interaction of Pals1 with Mpp4 in immunoprecipitation assays of retinal lysates. Secondly, we recently showed that Mupp1 co-precipitated Crb1, Pals1 and slightly Mpp4 from retinal lysates, but not Patj (3). In vivo direct interactions have been demonstrated for Pals1-Crb1, Pals1-Mupp1, Pals1-Mpp3, Pals1-Veli3 and Mpp4-Veli3, but not for Pals1-Mpp4 and Mpp3-Mpp4, using immunoprecipitations (3, 41, (46) (47) (48) . As yet, those results combined with the results of this study lead to the conclusion that the MG cell SAR contains at least Crb1, Crb2, Crb3, Patj, Pals1, Mupp1 and Veli3. The PRC SAR contains at least Crb2, Crb3, Patj, Pals1, Mupp1 and Mpp4. Localization of Patj seems to be independent of Pals1 expression. Thirdly, Veli3 interacts with Mpp4 and Pals1 in retinal lysates (46, 47) . Immunolocalization of Veli3 was detected at the OLM, the OPL and in cells of the INL, which might represent MG cells. Veli3-Mpp4 complexes are likely to be located mainly at the OPL and possibly at the OLM, whereas Veli3-Pals1 complexes seem to be present at the SAR in MG cells and possibly in PRCs. Fourthly, Pals1 might be able to bind the Crb2-ERLI domain, because (i) Crb1, Crb2 and Crb3 show a high similarity and Pals1 has been shown to bind to Crb1-ERLI and Crb3-ERLI domains (5,6) and (ii) in this paper, we show that loss of Pals1 results in delocalization of all three Crb family members. Fifthly, although the localization of Crb family members is dependent on the expression levels of Pals1, studies on Crb12/2 mice revealed that loss of Crb1 did not affect Pals1 localization at the SAR (3). Thus, Pals1 localization is not dependent on the expression of the transmembrane protein Crb1. Sixthly, in MDCK cells, suppression of PALS1 or replacing its PDZ domain caused disturbed TJ formation and polarity defects and resulted in loss of PATJ but not of CRB3 expression from TJs (30, 31) . In contrast, in primary retinas, suppression of Pals1 resulted in a reduction of Crb3 expression to some extent, but not of Patj. This discrepancy might be caused by the differences between MDCK cells and retina tissues. (38) .
In Drosophila, the Crumbs -Stardust -DPATJ complex (Crb -Pals1 -Patj homologue) is indispensable for Drosophila eye integrity (20,22 -24) . In zebrafish, nagie oko (nok, Pals1 homologue) is essential for maintaining the correct polarity of the retinal neuroepithelial sheet (32, 33) . In mouse primary retina cultures, Pals1 is required for correct localization of proteins at the SAR in MG cells. As yet, we did not see morphological disturbances in the retina induced by the silencing of Pals1. This might be due to inefficient DNA transfer or the effect of Pals1 silencing has not been analysed at the right time in order to observe morphological alterations. Still, it is likely that retinal and/or polarity defects as caused by loss of CRB1 will also occur in Pals1 conditional knockout retinas because of the concomitant loss of Crb1 localization. Taken together, the adaptor protein Pals1 has an important role in protein complex formation and cell polarity, but its role may vary in different organisms, tissues or cell types or among physiological conditions. We demonstrated that Pals1 is required for correct localization of Crb1, Crb2, Crb3, Mupp1 and Veli3 at the SAR in polarized MG cells.
MATERIALS AND METHODS
Animals
Animal care and experiments were performed in accordance with legislation on animal experiments as determined by the Dutch Veterinary Inspection. WT and Crb12/2 mice (3) were used at a 50%:50% cross of C57Bl/6 and 129/Ola.
In vitro electroporation and retinal explant culture
Mouse pups at postnatal day 1.5 (P 1.5) were decapitated using scissors. The head was disinfected with 70% ethanol and moved to a laminar flow hood where sterile procedures were maintained for the remainder of the preparation. Eyes were enucleated and transferred to a 35 mm Petri dish containing Dulbecco's modified Eagle's media (DMEM) (Gibco 31966-021, Invitrogen, Carlsbad, CA, USA) containing 100 mg/ml streptomycin and 100 U/ml penicillin (Gibco 15140-122, Invitrogen). Using fine forceps (nos. 4 and 5), extraneous connective tissue was removed from the globe. The eye was then placed in fresh DMEM or, when the retina was electroporated, in 1Â Hanks' balanced salt solution (HBSS, Gibco, 14185-45, Invitrogen). To harvest and isolate neural retina without RPE, the eye was opened along the ora serrata and the cornea, lens and vitreous were removed. The whole retina was then carefully dissected free from the RPE and sclera with as little disruption and manipulation as possible, leaving a few RPE cells behind. To transfer the retina from one place to another, a disposable 1 ml transfer pipette was used with a cut tip to enlarge the opening. Dissected retinas were transferred into a micro-electroporation chamber (Nepagene, Chiba, Japan, model CUY532, 3 mm Â 10 mm Â5 mm) containing DNA solution at a concentration of 1 mg/ml in HBSS. DNA transfer was performed by electroporations from the scleral side using the pulse generator CUY21 (Nepagene) with five square pulses of 20 V of 50 ms duration with 950 ms intervals. After dissection or after electroporation, the retina was transferred to a Petri dish with DMEM and four radial cuts were made to flatten the tissues. The retina was transferred to a 0.4 mm pore Millicell culture plate insert (30 mm diameter PICMO3050, Millipore, Billerica, MA, USA) and placed in six-well plates containing 1.5 ml/well of DMEM medium containing 10% FBS, 100 mg/ml streptomycin and 100 U/ml penicillin (Gibco 15140-122, Invitrogen) in the lower compartment. Whole retinas were mounted flat, with the ganglion cell layer (GCL) at the top and the photoreceptor layer at the bottom. Fine tipped forceps were used to tease and flatten the edges of each retina. All excess medium was removed from the membrane leaving only a moist film covering the tissue. Only minimal manipulations were performed because minor disruptions of the tissue during isolation and plating led to significant distortion over time. Cultures were maintained at 100% humidity, 378C, 5% CO 2 and fed every 2 -3 days by replacing 0.75 ml media.
Preparation of retinal sections
Electroporated retinas were harvested 17 -28 days (Table 1) after electroporation, fixed with 4% paraformaldehyde (PF) in phosphate-buffered saline (PBS) for 30 min at room temperature, placed in 70% ethanol and routinely embedded in paraffin. Transversal sections, including all retinal layers, were cut at 4 mm, stained with haematoxylin and microscopically examined. The thickness of the retinal layers depends on the distance to the optic nerve, being thickest closest to the optic nerve. For cryosections, fixed retinas were washed in PBS, cryoprotected in 15% sucrose in PBS for 30 min and 30% sucrose in PBS for 30 min. Retinas were embedded in cryomatrix (Tissuetek, Bayer Corporation, Pittsburgh, PA, USA), frozen and stored at 2808C. Radial sections of 7 mm were cut on a cryostat, collected onto Poly-L-lysine (Sigma-Aldrich, p1274, St Louis, MO, USA) coated object glasses, air-dried and stored at 2208C or at 2808C for further processing.
Immunofluorescence microscopy
Paraffin-embedded sections (4 mm) or cryosections (7 mm) of WT or Crb1 2/2 cultured retinas (P1.5-DIV17) were incubated over night with various primary antibodies: monoclonal antibody (mAb) against E-cadherin, N-cadherin, Mupp1, p120, N-cadherin and b-catenin (Becton Dickinson Transduction laboratories, Austria); actin (Mab1501R, Chemicon, Temecula, CA, USA) and polyclonal antibody (pAb) directed against p34-Arc (Upstate Biotechnologies Inc., Lake Placid, NY, USA); Veli3, GFP (Zymed, San Francisco, USA); CD-44 (kindly provided by R. van der Neut); rhodopsin (kindly provided by W.J. de Grip) and ZO-1 and Glutamate Synthetase (Becton Dickinson). Rabbit polyclonal antibody against Patj (5 -8) and CRB3 (12) were described previously. Polyclonal antibody against Mupp1 was kindly provided by Dr A. Le Bivic (CNRS, Marseille, France). Epitopes used to raise antibodies against Crb1, Crb2, Mpp4 and Pals1 were described earlier (3, 41, 48) . Fluorescent-labelled secondary antibodies were donkey anti-chicken, goat anti-mouse or goat anti-rabbit IgGs conjugated to Cy3, Alexa488 or FITC (Jackson Immuno Research, Stanford, USA, and Invitrogen). Immunofluoresence stainings were performed as previously described (47) . The sections were visualized by confocal laser scanning microscopy (Zeiss LSM510, Jena, Germany) and pictures were taken using Zeiss LSM browser v3.2 image software.
Immuno-EM
Pre-embedding. For pre-embedding immunohistochemistry (37) of Crb1, two WT and two Crb12/2 male animals at the age of 3 months were perfused for 1 min with 0.1 M sodium cacodylate in PBS, pH 7.4 and 5 min with 4% PF in phosphate buffer 0.1 M, pH 7.4. Eyes were enucleated and fixed in 4% PF in PBS for 30 min followed by cryo-protection with sucrose (5 and 30%) and stored at 2808C. Frozen sections of 40 mm thick were cut on the cryostat and collected in phosphate buffer. Sections were incubated for 96 h with primary antibody (anti-Crb1 AK2, 1:200) (3) (anti-Pals1 SN47, 1:100). After rinsing with PB, the sections were incubated with secondary antibody ImmunoVision Poly-HRP-Goat Anti-rabbit IgG (ImmunoVision Technologies Co., Daly City, CA, USA). A Tris-HCl diaminobenzidine (DAB) (Sigma-Aldrich) solution containing 0.03% H 2 O 2 (Sigma) was used to visualize the peroxidase present on the secondary antibody and intensified by the gold-substituted silver peroxidase method (50) . Sections were rinsed in sodium cacodylate buffer (0.1 M, pH 7.4) and post-fixed for 20 min in 1% osmium supplemented with 1% potassium ferricyanide in sodium cacodylate buffer (0.1 M, pH 7.4). After a second wash with sodium cacodylate buffer, the material was dehydrated and embedded in epoxy resin as described above. Ultrathin sections were cut from both immunostained sections and photographed using the FEI TECHNAI electron microscope. Pictures were collected with the ImageView soft imaging system and processed using Adobe photoshop.
Post-embedding. For the morphological study, adult mice were perfused with 4% PF þ 2% glutaraldehyde in cacodylate buffer pH 7.4. After the retinas were dissected free, they were post-fixed for 1 h in 1% osmium tetroxide in the same buffer. Small specimens were then prepared and processed as previously described (51) . For immunoelectron localization of Crb2, Crb3, Mupp1 and Patj, adult mice were perfused with 4% PFA in PBS and removed retinas were prepared and processed for immunolabelling as recently described for Caco-2 cells (38) . The cryosubstitution method used in this study is a slight modification of that previously described for mammalian retina (52) . The ultrathin sections were examined with a Zeis 912 electron microscope (Zeiss, Le Pecq. France).
Plasmid constructs
For Pals1 silencing by RNAi, a DNA construct was generated by annealing DNA oligonucleotides 5 0 -agcttttccaaaaaGTTCA TTGAACATGGTGAAtctcttgaaTTCACCATGTTCAATGAA Cggg-3 0 and 5 0 -gatccccGTTCATTGAACATGGTGAAttcaaga gaTTCACCATGTTCAATGAACtttttggaaa-3 0 , corresponding to nucleotides 1970-1988 of the GUK domain of mouse Pals1 (3-shPals1). For Mpp4 silencing, DNA oligonucleotides 5 0 -agcttttccaaaaaGGATGAAGACCTACAAGAGAtctcttgaaCT CTTGTAGGTCTTCATCCggg-3 0 and 5 0 -gatccccGGATGA AGACCTACAAGAGAttcaagagaCTCTTGTAGGTCTTCATC Ctttttggaaa-3 0 corresponding to nucleotides 1726-1744 of the GUK domain of mouse Mpp4 were annealed. The primers were purchased from Eurogentec (Seraing, Belgium). Annealed primers were cloned into the HindIII and BglII sites of the pSUPER vector (40) . The empty pSUPER vector was used as a control. pSUPER-Pals1 or pSUPER-Mpp4 RNAi constructs were co-transfected in HEK293T cells with GFP-tagged full-length Mpp4 or GFP-tagged Pals1 oligos and subcloned into HindIII/BglII of pEGFP-C1). Five days after transient transfection, cells were lysed and protein was evaluated by immunoblot analysis with anti-GFP. The pSUPERPals1 (3-shPals1) and pSUPER-Mpp4 vectors were digested with XbaI-KpnI and blunted. The shPals1 and shMpp4 fragments including the H1 promotor were blunt ligated into an AAV2-CMV-GFP vector (53) which was digested with SphI (two sites after the WPRE and polyA) and blunted. The CMV-promoter-driven hCRB1 construct was generated by introducing hCRB1 cDNA (SpeI/blunt and XhoI) into AAV2-CMV vector (ApaI/blunt and XhoI).
Western blotting
Cells were washed in ice-cold PBS, lysed in 400 ml lysis buffer [50 mM HEPES, 150 mM NaCl, 10% glycerol, 0.5% Triton X-100, 1.5 mM MgCl 2, 1 mM EGTA, 1 mM PMSF, 1Â Complete protease inhibitors-EDTA (Roche, Woerden, The Netherlands), 10 mg/ml aprotinin (Sigma), pH 7.4] and were tumbled at 48C for 45 min. Cells extracts were precleared by 15 min centrifugation and protein concentration was determined using Biorad Protein assay kit (Pierce, Rockford, USA). Lysates were boiled in Laemmli sample buffer, containing b-mercapto-ethanol and separated by 9% SDS -PAGE. Proteins were transferred onto nitrocellulose membranes and stained with Ponceau S. Membranes were blocked [1% milk, 1% BSA in Tris-buffered saline with Tween-20 (TBST; 50 mM Tris pH 7.5, 150 mM NaCl, 0.05% Tween-20)]. Protein detection was performed by probing the membranes with primary antibodies against Pals1 or Mpp4 in 1:300 dilution in blocking buffer for at least 1 h, washed three times in TBST, incubated with 1:10 000 dilution of horseradish peroxidase-conjugated secondary anti-mouse and anti-rabbit antibody (Jackson Immuno Research en Bio-rad Laboratories, Hercules, CA, USA) in blocking buffer for 1 h. Proteins were visualized using chemiluminescence (ECL) detection system (Amersham, Arlington Heights, IL, USA).
